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Plant protein inhibitors counteract the activity of cell wall–
degrading enzymes (CWDEs) secreted by pathogens to breach
the plant cell-wall barrier. Transgenic plants expressing a single
protein inhibitor restrict pathogen infections. However, since
pathogens secrete a number of CWDEs at the onset of infection,
we combined more inhibitors in a single wheat genotype to
reinforce further the cell-wall barrier. We combined poly-
galacturonase (PG) inhibiting protein (PGIP) and pectin methyl
esterase inhibitor (PMEI), both controlling the activity of PG,
one of the first CWDEs secreted during infection. We also
pyramided PGIP and TAXI-III, a xylanase inhibitor that controls
the activity of xylanases, key factors for the degradation of xylan, a
main component of cereal cell wall. We demonstrated that the
pyramiding of PGIP and PMEI did not contribute to any further
improvement of disease resistance. However, the presence of
both pectinase inhibitors ensured a broader spectrum of disease
resistance. Conversely, the PGIP and TAXI-III combination
contributed to further improvement of Fusarium head blight
(FHB) resistance, probably because these inhibitors target the
activity of different types of CWDEs, i.e., PGs and xylanases.
Worth mentioning, the reduction of FHB symptoms is accom-
panied by a reduction of deoxynivalenol accumulation with a
foreseen great benefit to human and animal health.

The plant cell wall (CW) represents the first line of defense
against pathogens. Cereal CW (Type II CW) consists of a network

of cellulose fibers embedded in a matrix of hemicelluloses,
such as arabinoxylan and mixed linkage glucans, with a minor
amount of xyloglucan and pectins (Vogel 2008). Pectins (5 to
10%) are complex polymers with different structural domains
including homogalacturonan, rhamnogalacturonan I, rhamno-
galacturonan II, and xylogalacturonan. To overcome this barrier
and colonize host tissues, pathogens secrete a number of cell
wall–degrading enzymes (CWDEs), some of which have been
demonstrated to be virulence factors (Kubicek et al. 2014). To
counteract the activity of CWDEs, plant CW contains pro-
tein inhibitors that block, in a specific manner, the activity of
these microbial enzymes (Juge 2006). Among these inhibitors,
PG-inhibiting protein (PGIP) controls the activity of endo-
polygalacturonase (endo-PG; EC 3.2.1.15) (Kalunke et al. 2015),
which is one of the first CWDEs produced during the infection
process and is a virulence factor for some fungi, such as Botrytis
cinerea, Aspergillus flavus, Alternaria citri, Claviceps purpurea,
and Sclerotinia sclerotiorum (Isshiki et al. 2001; Li et al.
2004; Oeser et al. 2002; Shieh et al. 1997; ten Have et al.
1998), and bacteria, such asAgrobacterium tumefaciens, Ralstonia
solanacearum, and Xylella fastidiosa (Rodriguez Palenzuela et al.
1991; Roper et al. 2007; Tans-Kersten et al. 2001).
The effectiveness of PGIP to improve disease resistance has

been reported in different crops, including wheat and rice, that
possess a CWwith a poor content of pectin (Kalunke et al. 2015).
Transgenic bread wheat (Triticum aestivum) lines overexpressing
the bean PvPGIP2 showed reduced disease symptoms when
challenged with the fungi Bipolaris sorokiniana (Janni et al.
2008) and Fusarium graminearum (Ferrari et al. 2012). Simi-
larly, transgenic bread wheat expressing the soybean GmPGIP3
showed and improved resistance to the fungal pathogens
Gaeumannomyces graminis var. tritici and B. sorokiniana (Wang
et al. 2015a), and the overexpression of OsPGIP1 in transgenic
rice enhanced resistance against Rhizoctonia solani in field
experiments (Wang et al. 2015b). The observed improved re-
sistance of PvPGIP2 plants has been associated with the ca-
pacity of PGIP to inhibit the activity of PGs secreted by the
pathogens. This correlation was further reinforced by the ob-
servation that wheat plants expressing the bean PvPGIP2 did
not enhance resistance against the biotrophic fungal pathogen
Claviceps purpurea, which secretes two endo-PGs (CpPG1 and
CpPG2) that are not inhibited by PvPGIP2 (Volpi et al. 2013).
PG activity is also conditioned by the level of methyl esterifica-

tion of the CW pectin. High methyl esterification makes pectin less
susceptible to degradation by PG (Bonnin et al. 2002; Limberg et al.
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2000; Lionetti et al. 2010; Volpi et al. 2011;Willats et al. 2001). The
methyl esterification of pectin is mainly controlled by pectin methyl
esterases (PME; EC3.1.1.11) (Pelloux et al. 2007; Willats et al.
2001). PME activity, which catalyzes the demethyl esterification of
the C6 linked methyl ester group of homogalacturonan, the main
pectic component of the cell wall, is tightly regulated by the PME
inhibitor (PMEI) (Giovane et al. 2004; Lionetti et al. 2012).
The effectiveness of PMEI in controlling the endogenous

PME activity and increasing the level of pectin methyl esteri-
fication has been first demonstrated in planta by overexpressing
AtPMEI-1 or AtPMEI-2 inhibitors in Arabidopsis. These trans-
genic plants showed a significant reduction of symptoms caused
by Botrytis cinerea and Pectobacterium carotovorum (Lionetti
et al. 2007). Subsequently, the efficacy of a kiwi PMEI (AcPMEI)
in limiting fungal infection was demonstrated in durum wheat
against B. sorokiniana, F. graminearum, and C. purpurea (Volpi
et al. 2011, 2013). The improved resistance of these transgenic
plants against bacterial and fungal pathogens was related to
the impaired ability of these pathogens to grow on methyl-
esterified pectin and to a reduced capacity of their PGs to
hydrolyze methyl-esterified pectin. Recently, the PMEI has
been also demonstrated to restrict Tobacco mosaic virus and
Turnip vein clearing virus in tobacco and Arabidopsis, re-
spectively. PMEI could limit the interaction of PME with viral
movement proteins hindering the enlargement of plasmodes-
mata and cell-to-cell viral spreading (Lionetti et al. 2014).
Another class of glycosidase inhibitors that counteract CWDEs

is the xylanase inhibitors (XIs) (Dornez et al. 2010). These pro-
teins inhibit the activity of microbial xylanases that are key en-
zymes in the degradation of arabinoxylans, a main component of
the cereal CW, and are virulent factors for the fungal pathogens
Botrytis cinerea (Brito et al. 2006) and Mycosphaerella gramini-
cola (Siah et al. 2010). Recently, XIs have been proven to limit
disease symptom development. In particular, the overexpression of
TAXI-III, an XI-inhibiting xylanase of glycoside hydrolase family
11, in durum wheat transgenic plants reduced disease symptoms
caused by F. graminearum (Moscetti et al. 2013). TAXI-III could
protect wheat from F. graminearum via either direct inhibition of
xylanase activity, by preventing host cell death, or both (Moscetti
et al. 2015; Tundo et al. 2015).
Enhanced resistance by ectopic expression of XIs has also

been obtained in rice plants overexpressing RIXI or OsHI-XIP.
The rice plants overexpressing RIXI showed improved resistance
against the fungal pathogenMagnaporte oryzae (Hou et al. 2015),
whereas those overexpressing OsHI-XIP showed reduced larval
infestation of the rice striped stem borer (Chilo suppressalis) and
a decreased feeding and oviposition preferences of the rice brown
planthopper (Nilaparvata lugens) (Xin et al. 2014).
On the basis of these remarkable results using single inhibitors

and considering that pathogens secrete a composite mixture of
CWDEs, in the present study, we investigated the pyramiding of
PvPGIP2, AcPMEI, and TAXI-III to reinforce further the cell-
wall barrier and promote a greater improvement of wheat re-
sistance. We focused our attention on fungal pathogens with a
special consideration of F. graminearum, the causal agent of the
devastating worldwide disease Fusarium head blight (FHB). We
demonstrated also the effectiveness of PvPGIP2 in improving
durum wheat resistance and verified the effect on CW compo-
sition of the single and combined expression of the glycosidase
inhibitors PvPGIP2, AcPMEI, and TAXI-III.

RESULTS

Transgenic durum wheat plants expressing PvPGIP2
show reduced leaf blotch symptoms.
In order to combine PvPGIP2 and AcPMEI, we first pro-

duced transgenic durum wheat plants expressing PvPGIP2.

This preliminary step was necessary because only bread wheat
transgenic lines expressing PvPGIP2 were available. In total,
1,656 immature embryos of Triticum durum cv. Svevo were
cotransformed, using pUbi::Pvpgip2 and pUbi::bar. A total of
33 T0 independent transgenic lines resistant to bialaphos and
containing the Pvpgip2 gene were obtained, for a cotransfor-
mation efficiency of 2.3%. The regenerated plants carrying the
transgene were characterized for the accumulation of PvPGIP2
and for the endo-PG inhibition activity. Total protein extracts
from leaves of three selected transgenic lines, MJ31-2, MJ31-
11, and MJ31-17, and control plants were subjected to Western
blotting analysis using an antibody raised against the bean
PGIP. A clear immunodecoration signal corresponding to
PvPGIP2 was detected in the transgenic plants, whereas no
signal was detected in total protein extracts from the untransformed
control plants (Supplementary Fig. S1A). The intensity of the
signal varied between T0 plants and was particularly strong
in MJ31-2 and MJ31-11. The same leaf protein extracts were
used to analyze the inhibition activity against an endo-PG of
F. phyllophilum (FpPG). This enzyme is inhibited by PvPGIP2
while it is unaffected by the endogenous wheat PGIP (Janni
et al. 2008). The analysis showed that the protein extract of the
different transgenic lines inhibited FpPG with different efficacy
that was related to the amount of PvPGIP2, as determined by
Western blotting. In contrast, both the crude protein extract
from the untransformed control plants and the boiled protein
extracts of the transgenic lines did not affect the activity of FpPG,
excluding the possibility of a nonproteinaceous inhibition (data
not shown).
Genomic DNA blots of MJ31-11, using Pvpgip2 as probe,

showed the expected 1-kb fragment after cleavage with BamHI,
containing the entire coding region of Pvpgip2. Differently, the
digestion with SphI, which cuts once within the pUbi::Pvpgip2,
produced the expected hybridizing fragment of 5.7 kb plus addi-
tional fragments, most likely representing different insertion
sites or rearranged copies of pUbi::Pvpgip2, as well as the
terminal fragment of the transgene array.
Inhibition assays using total protein extracts from glumes and

ovaries or anthers of MJ31-11 against FpPG showed that all
these tissues have similar inhibition activity as that detected in
leaves. Similarly, inhibition assays using extracellular fluids from
seedlings of MJ31-11 showed the expected inhibition activity
against FpPG, indicating that PvPGIP2 is accumulated in the
apoplast. Conversely, extracellular fluids of untransformed con-
trol plants did not show any inhibition activity against FpPG.
In order to verify the capacity of durum wheat transgenic

plants expressing PvPGIP2 to limit leaf blotch symptoms
caused by B. sorokiniana, the T2 progeny of the MJ31-11 line
(PGIP plants) and untransformed control plants of T. durum cv.
Svevo (Svevo plants) were challenged with the pathogen. In-
oculations with a conidial suspension were performed on the
first emerged leaf and disease symptoms were recorded and
evaluated at 72 h postinfection (hpi). Statistical analysis of the
data showed a significant reduction (P £ 0.01) of about 50% of
leaf blotch symptoms in MJ31-11 plants compared with Svevo
plants. This result demonstrated that the expression of Pvpgip2
in durum wheat reduces leaf blotch symptoms to a similar extent
as previously reported in transgenic bread wheats expressing this
gene (Janni et al. 2008).

Pyramided PGIP × PMEI plants show inhibition activities
and a degree of pectin methyl esterification similar to that
of parental plants.
PGIP plants and the line MJ15-69 expressing AcPMEI

(PMEI plants) (Volpi et al. 2011) were crossed and the F1 seeds
S010 (PGIP × PMEI plants) were screened by polymerase
chain reaction (PCR) to select those carrying both transgenes
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(data not shown). The copresence of the two transgenes was
also confirmed by Southern blot on genomic DNA of F2 plants
showing both PvPGIP2 and AcPMEI inhibition. DNA digestion
with BamHI, which excises the entire coding sequence from the
plasmid, shows the expected copresence of hybridization bands of
about 1.0 and 0.5 kb for Pvpgip2 and Acpmei, respectively (Sup-
plementary Fig. S2). The different intensity of the Pvpgip2 or
Acpmei hybridization bands in the F2 samples was probably related
to the homozygous or heterozygous condition of the transgene.
Total leaf protein extract from the F1 plants carrying both

transgenes was used to analyze the inhibition activity of
PvPGIP2 and AcPMEI. The activity of PvPGIP2 was analyzed
against FpPG, whereas AcPMEI inhibition was determined by
comparing endogenous PME activities of transgenic plants
relative to Svevo plants. F1 PGIP × PMEI plants showed in-
hibition of FpPG at a similar level to PGIP plants and the almost
absence of endogenous PME activity as in the PMEI plants,
indicating that both PvPGIP2 and AcPMEI were active in the
cross progeny (Fig. 1A).
We also determined the uronic acid content and the degree

of pectin methyl esterification (DM) in CW extracted from F4
PGIP × PMEI plants, parental plants, and cv. Svevo. All these
plants showed a similar content of uronic acids (Table 1). The
PGIP × PMEI plants and PMEI plants showed a significant 57%
increase of DM compared with untransformed control and PGIP
plants (Fig. 1B). No phenotypic differences with untransformed
control plants or transgene silencing events have been detected
up to the F4 generation.

Pyramided PGIP × PMEI plants show reduced leaf blotch,
FHB, and ergot disease symptoms at levels similar to the
parental plants.
The effect of the coexpression of PvPGIP2 and AcPMEI in

PGIP × PMEI plants was analyzed against the fungal pathogens
B. sorokiniana, F. graminearum, and C. purpurea. Infection
with B. sorokiniana was analyzed on the first emerged leaf and
disease symptoms were analyzed at 72 hpi. The F4 PGIP × PMEI
plants showed a significant reduction (about 50%) in disease
symptoms compared with Svevo plants (Fig. 2). However, pyr-
amided plants showed no significant difference in disease symp-
toms comparedwith parental PGIP and PMEI plants, which showed
a similar reduction of about 50% in disease symptoms compared
with nontransgenic Svevo plants (Fig. 2).
Flowering spikes of PGIP × PMEI plants, PGIP plants, PMEI

plants, and Svevo plants were infected with a conidial sus-
pension of F. graminearum. FHB disease symptoms developed
at 3 dpi and the spread of the symptoms was visually scored for
a period of 15 days. Four independent infection experiments on
at least 12 plants per genotype were performed. We obtained
two infection experiments showing a faster rate of FHB symptom
development and two with a slower rate of disease symptom
development (Fig. 3A and B), possibly due to a varying number
of germinated conidia in the different conidial preparations.
Therefore, the two groups of experiments were analyzed sepa-
rately. In the experiments with faster development of symptoms
(Fig. 3A), the reduction of FHB symptoms (25%) in PGIP plants
was significant from 7 to 9 dpi, as compared with Svevo plants.

Fig. 1. Inhibition activity and degree of methyl esterification of ‘Svevo’
(control), cross PGIP × PMEI (polygalacturonase inhibiting protein and
pectin methyl esterase inhibitor), and parental plants PGIP and PMEI. A,
The bean PvPGIP2 inhibition activity was determined by using 10 µg of
total protein extract of leaf tissues against 0.0011 U of Fusarium phyllo-
philum endo-polygalacturonase (FpPG). No inhibition activity against
FpPG was detected in Svevo plants. Kiwi AcPMEI inhibition activity was
tested against endogenous PME activity. Bars represent the average ± stan-
dard error of at least 20 biological replicates. B, Degree of methyl esterifi-
cation of cell-wall pectin isolated from leaf tissue. Letters above columns
correspond to ranking of Tukey test (P < 0.05). Values represent the average ±
standard error of three independent experiments with three plants each.

Fig. 2. Quantification of foliar spot blotch symptoms caused by Bipolaris
sorokiniana on ‘Svevo’ (control), cross PGIP × PMEI (polygalacturonase
inhibiting protein and pectin methyl esterase inhibitor), and parental plants
PGIP and PMEI. Bars show averages and standard errors of the area of
lesions divided by the total leaf area (square centimeters) of three independent
experiments, each performed with at least 12 plants of each genotype. Dif-
ferent letters indicate data sets significantly different according to Tukey test
(P < 0.05).

Table 1. Quantification of uronic acids content of cell-wall pectiny

Line Uronic acidsz

Svevo 0.056 ± 0.0004 a
PGIP plants 0.055 ± 0.0008 a
PMEI plants 0.057 ± 0.0004 a
PGIP × PMEI plants 0.055 ± 0.0007 a

y Isolated from ‘Svevo’ (control), cross PGIP × PMEI (polygalacturonase
inhibiting protein and pectin methyl esterase inhibitor), and parent plants
PGIP and PMEI.

z Values shown as micromoles per milligram of cell wall. The same letter
indicates no significant differences, according to one way analysis of
variance and ranking of Tukey test at 0.95 confidence level and P < 0.05
level of significance. Data represent average of three biological replicates.
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Similarly, the PMEI plants showed a reduction of disease symp-
toms of about 30% as compared with Svevo plants. PGIP × PMEI
plants showed a significant reduction of symptoms starting
from 7 to 9 dpi, compared with Svevo plants. In particular, at 7
dpi, the reduction of FHB symptoms was about 35%, whereas at
later stages, no significant difference with cv. Svevo plants was
observed (Fig. 3A). However, the PGIP × PMEI showed no sig-
nificant difference in FHB symptoms compared with the parental
lines (Fig. 3A).
In the experiments with a slower rate of development of

symptoms (Fig. 3B), the reduction of FHB symptoms in the
parental PGIP and PMEI plants was significant from 11 to 15 dpi,
as compared with untransformed control plants, with a reduction of
disease symptoms of about 28% and 30% at 15 dpi, respectively
(Fig. 3B). Similarly, PGIP × PMEI plants showed a significant
reduction of disease symptoms from 11 to 15 dpi, compared
with Svevo plants. However, the extent of reduction (37% at
15 dpi) was similar to that of parental lines (Fig. 3A and B).

To verify fungal biomass accumulation, quantitative (q)PCR
analysis was performed using specific primers for the fungal
Tri-6 gene (Horevaj et al. 2011) on total DNA extracted from
whole semolina of the parental and pyramided lines and Svevo
plants. We analyzed both the infection experiments with faster
and with slowed development of symptoms, and we found that
the PGIP and PMEI samples derived from the experiment with
faster development of symptoms contained a higher level of
fungal biomass (0.38 and 0.29 relative expression to Svevo,
respectively) compared with corresponding samples derived
from the experiment showing a slower rate of fungal disease
symptom development (0.19 and 0.12 relative expression to
Svevo, respectively). Conversely, samples from the pyramided
plants did not show any significant difference between the
faster or slower rate of symptom development (0.33 and 0.29
relative expression to Svevo, respectively). The averaged values
obtained from the two different infection experiments, i.e., with
faster or slower rate of disease development, showed that
samples from parental and pyramided plants exhibited about
twofold reduced fungal biomass (0.20 ± 0.11, 0.33 ± 0.12, and
0.31 ± 0.02 for PGIP, PMEI, and PGIP × PMEI plants, re-
spectively) compared with Svevo plants (Fig. 3C). Thus, the
reduced FHB symptoms were associated with a reduced ac-
cumulation of fungal biomass in the caryopses of parental and
pyramided plants, possibly due to a reduced growth of the
fungal pathogen in the early or advanced phases of infection
(Fig. 3C).
A conidial suspension of the biotrophic fungal pathogen

C. purpurea, the causal agent of ergot disease symptoms, was
inoculated in flowering spikes of PGIP × PMEI, PGIP, PMEI,
and Svevo plants. The infected plants showed honeydew (HD)
production at about 5 dpi and sclerotia were formed at about 20
dpi. Ergot disease symptoms were evaluated both by assessing
the HD production on a scale from 1 to 4 and by determining
the average number of sclerotia per spike in mature plants. The
progression of fungal infection was evaluated as diseased
spikelets out of the total number of inoculated spikelets per
spike (Fig. 4A). All time points analyzed showed a significant
reduction of diseased spikelets in PGIP × PMEI and PMEI
plants as compared with Svevo and PGIP plants (Fig. 4A). For
example, at 4 dpi, pyramided and PMEI plants showed only 5
to 6% of infected spikelets, whereas PGIP and Svevo plants
showed 12 to 15% infected spikelets. The same extent of dis-
eased spikelet reduction between these plants was maintained
until the end of analysis at 14 dpi (Fig. 4A). PGIP × PMEI and
PMEI plants showed a reduced mean value of HD production at
7 and 9 dpi, as compared with PGIP and Svevo plants (Fig. 4B).
For example, at 7 dpi the average HD score was 2.6 ± 0.7 and
2.7 ± 0.7 for pyramided and PMEI plants, respectively, whereas
that of PGIP and Svevo plants was 3.6 ± 0.4 and 4 ± 0.0,
respectively (Fig. 4B). This reduced HD production and pro-
gression of fungal infection was also related to number of
sclerotia per spike at 20 dpi. PGIP × PMEI (4.7 ± 1.9) and
PMEI plants (4.7 ± 1.7) showed a significantly lower number of
sclerotia per spike, as compared with PGIP (8.4 ± 1.7) and
Svevo (8.7 ± 2.0) plants (Fig. 4C).

Pyramided PGIP × TAXI plants show similar inhibition
activity as the parental transgenic plants.
Plants expressing PvPGIP2 and TAXI-III (PGIP × TAXI

plants) were obtained from a cross (M011) between PGIP ×
PMEI plants and the transgenic line MJ30-23 expressing the
Taxi-III gene (TAXI plants) (Moscetti et al. 2013). The copre-
sence of Pvpgip2 and Taxi-III genes were confirmed by PCR,
Southern blotting, and inhibition assay (Kalunke et al. 2013).
Inhibition activities of PGIP × TAXI plants, the parental

PGIP and TAXI plants, and Svevo plants were tested against

Fig. 3. Time-course analysis of Fusarium head blight (FHB) symptoms
following Fusarium graminearum infection and quantification of fungal
biomass in semolina of infected wheat spikes of ‘Svevo’ (control), cross
PGIP × PMEI (polygalacturonase inhibiting protein and pectin methyl es-
terase inhibitor), and parental plants PGIP and PMEI. Experiments with A,
high and B, low rates of development of FHB symptoms are separately
represented. Disease symptoms are expressed as percentage of spikelets
showing symptoms on the total number of spikelets per spike. Data rep-
resent the average and standard errors of two experiments performed with at
least 12 plants of each genotype. The average values are significantly dif-
ferent according to one way analysis of variance and ranking of Tukey test
at P < 0.05. dpi = days postinfection. C, Relative quantification of fungal
DNA in wheat flour was calculated by quantitative polymerase chain re-
action analysis of the Tri-6 gene of F. graminearum. Actin was used as
housekeeping gene. Bars represent average values ± standard errors of two
biological replicates and six technical replicates. Letters above columns
correspond to ranking of Tukey test at P < 0.05.
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0.0011 U of FpPG and 0.005 U of the xylanase AnM4Xyl,
respectively. Pyramided plants showed high levels of inhibition
(72.1 ± 5.0%) against FpPG but significantly lower levels com-
pared with PGIP plants (96.0 ± 2.5%) (Fig. 5). The inhibition of
PGIP × TAXI plants against AnM4Xyl was 69.7 ± 8.5%, similar
to the level of inhibition (74.5 ± 7.6%) of TAXI plants (Fig. 5).
Untransformed control plants did not show inhibition activity
against both FpPG and AnM4Xyl.

PGIP × TAXI plants show reduced FHB symptoms
compared with parental PGIP and TAXI plants.
To analyze the effect of the coexpression of PvPGIP2 and

TAXI-III in the pyramided plants, three independent infection
experiments with F. graminearum were performed on PGIP ×
TAXI plants, the parental PGIP and TAXI plants, and cv. Svevo.
Plants showed FHB disease symptoms at 3 dpi, and the spread

of the symptom was visually scored for a period of 18 days
(Fig. 6). Similarly to what observed in the infection experi-
ments with the PGIP × PMEI plants, the three infection ex-
periments on PGIP × TAXI plants showed two different rates of
disease symptom development. One experiment showed a
faster development of FHB symptoms compared with the other
two experiments. In the infection experiments (Fig. 6A) with
the faster rate of symptom development, the reduced FHB
symptoms in the parental PGIP plants (13%) was significant at
7 and 8 dpi (Fig. 6A), whereas PGIP × TAXI plants showed a
significant reduction of symptoms between 7 and 14 dpi com-
pared with Svevo plants. In particular, the reduction of FHB
symptoms in the pyramided plants was maximized at 9 dpi, with
a 22% reduction as compared with untransformed control plants
(Fig. 6A). Moreover, PGIP × TAXI plants showed a significant
reduction of FHB symptoms compared with PGIP plants from 8
to 14 dpi, with a maximum reduction of disease symptoms of
16% at 9 dpi (Fig. 6A).
In the other two infection experiments with a slower rate of

symptom development (Fig. 6B), the reduction of FHB symp-
toms of PGIP plants (28%) and TAXI plants (30%), compared
with Svevo plants, was significant from 13 to 18 dpi. The
pyramided plants showed a significant reduction of FHB symp-
toms starting from 10 to 18 dpi, compared with Svevo plants. The
reduction of symptoms was maximum at 18 dpi, with about
45% symptom reduction compared with Svevo plants (Fig. 6B).
PGIP × TAXI plants also showed a significant difference in FHB
symptoms compared with parental PGIP and TAXI plants from
10 to 18 dpi with a maximum reduction of 23 and 19% at 16 dpi,
respectively (Fig. 6B).
To verify whether the difference in FHB symptoms was re-

lated to fungal biomass accumulation in infected caryopses,
qPCR analysis was performed on DNA extracted from semo-
lina of PGIP × TAXI, PGIP, TAXI, and Svevo plants. Results
showed about a onefold reduction of fungal biomass in the
parental PGIP and TAXI plants (0.69 ± 0.01, 0.67 ± 0.04, re-
spectively) compared with cv. Svevo, whereas the pyramided
plants showed twofold reduction compared with cv. Svevo and
onefold reduction compared with parent plants (0.32 ± 0.08)
(Fig. 6C). Thus, the qPCR results confirmed that the reduced

Fig. 5. Inhibition activities of ‘Svevo’ (control), cross polygalacturonase
inhibiting protein and XI inhibiting xylanase (PGIP × TAXI), and parental
plants PGIP and TAXI determined by agarose diffusion assay. PvPGIP2
inhibition activity was determined by using 10 µg of total protein leaf
extract against 0.0011U of FpPG. TAXI-III inhibition activity was de-
termined by using 10 µg of total protein leaf extract against 0.005 U of
AnM4Xyl. No inhibition activity was detected in untransformed control
plants (cv. Svevo). Bars represent the average ± standard error of at least 20
biological replicates. Letters above the columns correspond to ranking of
Tukey test (P < 0.05).

Fig. 4. Time-course analysis of ergot symptom development following the
Claviceps purpurea infection of ‘Svevo’ (control), cross PGIP × PMEI
(polygalacturonase inhibiting protein and pectin methyl esterase inhibitor),
and parental plants PGIP and PMEI. A, Disease symptoms are expressed as
percentage of infected spikelets out of the total number of inoculated
spikelets per spike. B, Disease symptoms are expressed as honeydew (HD)
production on a scale from 1 to 4.C,Average number of sclerotia formation
per spike at 20 days postinfection (dpi). At least 11 plants per genotype
were used in the infection experiments. Letters above the columns corre-
spond to ranking of Tukey test at P < 0.05.
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FHB symptoms corresponded to a reduced accumulation of
fungal biomass. Moreover, the enhanced FHB resistance of
PGIP × TAXI plants compared with parental PGIP and TAXI
plants resulted in a further significant reduction of fungal biomass
accumulation in the semolina of the pyramided plants (Fig. 6C).
In order to ascertain if the reduction of FHB symptoms and

fungal biomass was related to a reduction of mycotoxin accu-
mulations in the caryopsis, we quantified deoxynivalenol (DON)
levels in the semolina of pyramided, parental, and control plants
by liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). PGIP and TAXI plants showed a significant re-
duction of DON accumulation (0.16 ± 0.02 µg and 0.07 ±
0.00 µg/mg of semolina, respectively) compared with Svevo
plants 0.24 ± 0.02 µg/mg). Moreover, DON accumulation in the
semolina of pyramided plants (0.03 ± 0.00 µg/mg) was signifi-
cantly lower compared with the parental PGIP and TAXI plants.

The overexpression of single glycosidase inhibitors or
their combination causes changes in CW composition
of wheat spikes.
To investigate if the overexpression of single or couples of

CW enzyme inhibitors causes changes in CW composition and
if these alterations could participate to the observed resistance
phenotypes, the CW polysaccharides composition was de-
termined on spikes of wheat PGIP, PMEI, TAXI, and PGIP ×
PMEI and PGIP × TAXI plants (Figs. 7 and 8). Monosaccharide
composition of noncellulosic polysaccharides was determined
by high performance anion exchange chromatography and pulsed
amperometric detection (HPAEC-PAD) after acid hydrolysis of
alcohol insoluble solid (AIS) (Figs. 7A and 8A). The analysis
revealed xylose and arabinose as the main monosaccharides in
this tissue, with lower amounts of glucose, galactose, gal-
acturonic acid, rhamnose, glucuronic acid, and fucose. These
results indicate that wheat spikes have a CWmatrix enriched in
hemicellulose polysaccharides, as observed in CW of other
tissues of wheat (Gomez et al. 2008; Lionetti et al. 2015). The
monosaccharide composition of PGIP and PMEI spikes shows
significant differences in respect to Svevo plants (Figs. 7A and
B). In particular, a significantly higher percentage of rhamnose,
arabinose, galactose, glucose, galacturonic acid, and glucuronic
acid, as well as a lower percentage of xylose was revealed in the
resistant (parental lines and pyramided) plants as compared
with the more susceptible cv. Svevo. A higher percentage of
fucose was observed only in PMEI and in PGIP × PMEI plants.
The PGIP × PMEI spikes present monosaccharide composi-
tional changes comparable to those observed in the transgenic
lines overexpressing the single inhibitors. Noteworthy, a further
increase of the percentage of the pectic monosaccharides rham-
nose, galactose, galacturonic acid, and glucuronic acid was de-
tected in respect to plants overexpressing the single inhibitors. The
arabinose to xylose ratio was significantly higher in the parental
and pyramided plants with respect to Svevo plants (Fig. 7B). The
amount of the crystalline cellulose was not significantly different
between PGIP × PMEI, PGIP, PMEI, and Svevo plants (Fig. 7C).
The monosaccharide composition of noncellulosic polysaccha-
rides extracted from spikes of TAXI plants was similar to Svevo
plants indicating that the overexpression of xylanase inhibitor
does not alter the composition of matricial polysaccharides. In
pyramided PGIP × TAXI plants, the same alterations observed in
PGIP plants were detected (Figs. 8A and B). Interestingly, the
amount of the crystalline cellulose was significantly higher in
pyramided PGIP × TAXI plants in respect to Svevo plants and in
respect to the plants expressing the single inhibitors (Fig. 8C).
This result indicates that the combined overexpression of PvPGIP2
and TAXI-III affects the content of crystalline cellulose.

DISCUSSION

Plant pathogens exploit a number of CWDEs to overcome
the cell-wall barrier, and each of them may contribute to a
successful infection (Kubicek et al. 2014). Consequently, the
reinforcement of the cell-wall barrier with diverse components
facing CWDEs should guarantee a stronger and broader de-
fense response. In the present study, we showed that the com-
bination of PvPGIP2 and TAXI-III improved further durum
wheat resistance against F. graminearum in comparison with
the parental lines expressing, separately, each of these glyco-
sidase inhibitors. We showed also that the pyramiding of
PvPGIP2 and AcPMEI did not contribute to improve further
durumwheat resistance against F. graminearum as compared with
that already conferred by the presence of a single component.
Our first attempt to combine these glycosidase inhibitors was

performed via genetic transformation by cobombardment of all
three genes, Pvpgip2, Acpmei, and TAXI-III, plus the bar genes

Fig. 6. Time-course analysis of Fusarium head blight (FHB) symptoms fol-
lowing Fusarium graminearum infection and quantification of fungal biomass
in semolina of infected wheat spike of ‘Svevo’ (control), cross PGIP × TAXI
(polygalacturonase inhibiting protein and xylanase inhibitor [XI] inhibiting
xylanase), and parental plants PGIP and TAXI. Experiments with A, high and
B, low rates of development of FHB symptoms are separately represented.
Disease symptoms are expressed as percentage of spikelets showing symptoms
on the total number of spikelets per spike. Data represent the average and
standard errors of one (A) and two (B) experiments performed with at least 12
plants of each genotype. The average values are significantly different
according to oneway analysis of variance and ranking of Tukey test at P < 0.05.
C, Relative quantification of fungal DNA in wheat flour was calculated by
quantitative polymerase chain reaction analysis of the Tri-6 gene of F. gra-
minearum.Actinwas used as housekeeping gene. Bars represent average values
± standard errors of two biological replicates and six technical replicates.
Letters above the columns correspond to ranking of Tukey test at P < 0.05.
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into durum wheat immature embryos. However, the high fre-
quency of transgene silencing prevented the production of
transgenic wheat lines expressing all three genes simulta-
neously (Kalunke et al. 2013). Probably the high copy number
or the high constitutive expression of the transgenes—all of
them were under control of the maize Ubi-1 promoter—was
responsible for the observed silencing (Kalunke et al. 2013).
The same result of multiple transgene silencing was obtained
following our attempts to combine all three transgenes by
classical crossing (Kalunke et al. 2013). Conversely the com-
bination of two glycosidase inhibitors by traditional crossing
was successful, with the combined inhibitors expressed at sim-
ilar level as in the parental lines.
To perform these crossings, we first produced transgenic

durum wheat lines expressing PvPGIP2, because this gene was
available only in bread wheat lines (Ferrari et al. 2012; Janni
et al. 2008). Similarly to what was obtained in the hexaploid
bread wheat, we showed that the expression of PvPGIP2 is also
effective in improving resistance of tetraploid durum wheat
against B. sorokiniana (approximately 50%) and F. graminearum
(approximately 20 to 30% symptom reduction), indicating that
the protective capacity of PvPGIP2 is not conditioned by the
presence of the subgenome D peculiar of the hexaploid wheat.
The pyramided S010 plants containing AcPMEI and PvPGIP2

showed reduction of disease symptoms comparable to that of
parental lines, indicating that PvPGIP2 or AcPMEI already,
when expressed separately, contributed to the maximum attainable
level of protection against B. sorokiniana and F. graminearum.
This finding should be related to the capacity of PvPGIP2 and
AcPMEI to protect the same cell-wall components, i.e., pectin.
Moreover, the lack of any further increase of resistance in the

pyramided PGIP × PMEI plants as compared with parental
lines indicates that pectin degradation by fungal pathogens
contributes only to a certain extent to the infection process. This
result is in agreement with a previous observation obtained with
AcPMEI plants and a F. graminearum PME-disrupted mutant
(Sella et al. 2016). The mutant carrying the disrupted PME was
less virulent on wheat spikes; however, its virulence was not
reduced further on the AcPMEI plants (Sella et al. 2016).
Although the combined presence of PvPGIP2 and AcPMEI

did not contribute to any further improvement of disease re-
sistance, we showed that their pyramiding can be useful to
broaden the spectrum of wheat protection against pathogens.
This possibility rests on the observation that, although most
PGs are less active on methylated pectins, there are some PGs,
such as PGa and PGb of Aspergillus niger and Sclerotinia
sclerotiorum, that are also active on methylated pectin (Favaron
and Marciano 1992; Pařenicová et al. 2000). However, these
PGs are inhibited by PvPGIP2 (D’Ovidio et al. 2006). Similarly,
there are PGs that escape inhibition of PvPGIP2, such as PGs of
F. verticilloides and C. purpurea, but their activity is strongly
inhibited on methylated pectin (Raiola et al. 2008; Sella et al.
2004; Volpi et al. 2013). As proof of concept, we showed
an improved resistance of the PGIP × PMEI plants against
C. purpurea, which produced PGs not inhibited by PvPGIP2, as
compared with the parental PvPGIP2 plants and cv. Svevo. The
pyramided plants and the parental AcPMEI plants showed ap-
proximately 15% reduction of ergot symptoms and a significant
reduced production of sclerotia compared with PvPGIP2 plants
and cv. Svevo.
Differently to what was observed for the pyramiding of

PvPGIP2 and AcPMEI, M011 hybrid plants containing the

Fig. 7. Characterization of cell-wall polysaccharides in spikes of ‘Svevo’ (control), cross PGIP × PMEI (polygalacturonase inhibiting protein and pectin methyl
esterase inhibitor), and parental plants PGIP and PMEI. A, Monosaccharide compositions. Fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal),
glucose (Glc), xylose (Xyl), galacturonic acid (Gal A), and glucuronic acid (Glu A) released after 2 M triflouroacetic acid hydrolysis were determined by high
performance anion exchange chromatography and pulsed amperometric detection. B, Quantification of Ara/Xyl ratio. C, Cellulose-derived glucose. Results
represent the mean ± standard deviation (n = 3). The different letters indicate data sets significantly different (P < 0.05) according to analysis of variance
followed by Tukey test.
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combination PvPGIP2 and TAXI-III showed a higher level of
resistance against F. graminearum (50% symptom reduction)
compared with the parental PGIP and TAXI plants.
This result at the phenotypic level was accompanied by a

reduced growth of the pathogen, as indicated by the reduced
amount of fungal biomass present in the semolina of the pyr-
amided plants and by a lower amount of DON accumulation.
The enhanced resistance of plants expressing PvPGIP2 and

TAXI-III can be explained by the efficacy of these inhibitors to
prevent the degradation of different CW components, i.e., pectin
and xylan, respectively, by the CWDEs secreted by the pathogen.
However, the capacity of TAXI-III to prevent host cell death
caused by xylanases secreted by F. graminearum (Moscetti et al.
2015) can also contribute to the enhanced resistance of the
pyramided PGIP × TAXI plants.
An additional contribution to the improved resistance of the

plants expressing both PvPGIP2 and TAXI-III may derive from
the higher content of crystalline cellulose found in these plants.
Interestingly, this increased amount of crystalline cellulose is
peculiar to the PGIP × TAXI plants, suggesting a cooperative
effect of the two glycosidase inhibitors in CW remodeling. We
do not know how this can occur, however; both PGIP and TAXI
bind to CW components, with the former binding specifically
to pectin (Spadoni et al. 2006) and the latter to arabinoxylans
(Fierens et al. 2008). Consequently, alteration in the amount of
these inhibitors may influence the interaction between cell-wall
components, especially when both of them are present.
Taken all together, these results indicate that the effective-

ness of pyramiding of glycosidase inhibitors depends on their
specific combination. Pyramiding of PvPGIP2 and AcPMEI

does not enhance further wheat resistance against FHB, pos-
sibly because both inhibitors constrain the activity of the same
CWDEs, i.e., PG secreted by the pathogen. Conversely, the pyr-
amiding PvPGIP2 and TAXI-III supports a further improvement
of resistance compared with plants carrying only PvPGIP2 or
TAXI-III. Probably, the success of this combination rests on the
capacity of PvPGIP2 and TAXI-III to constrain different targets,
i.e., PGs and xylanases. Remarkably, the reduction of FHB
symptoms is accompanied by a reduction of DON accumulation
with a foreseen great benefit to human and animal health.

MATERIAL AND METHODS

Plant material, genetic transformation, classical crosses,
and DNA analyses.
The MJ31-11 line expressing PvPGIP2 was obtained by

cotransforming the immature embryos of Triticum durum cv.
Svevo using plasmid pUBISR2 and pUbi::bar in a 1:3 molar
ratio and following the procedures described by Janni et al.
(2008). Plasmid pUBISR2 containing the coding region of
Pvpgip2 (Leckie et al. 1999), including the N-terminal signal
sequence, was inserted into the BamHI site of pAHC17 under
control of the maize Ubiquitin1 promoter and Nopoline syn-
thase (NOS) terminator. The pUbi::bar was used as selectable
marker plasmid, which carries the bar gene that confers re-
sistance to the bialaphos herbicide. The presence of the trans-
genes in the regenerated plants was verified by PCR analysis as
reported by Janni et al. (2008).
Conventional crossing was performed between T2 plants of

the line MJ31-11, containing Pvpgip2 transgene and T4 plants

Fig. 8. Characterization of cell-wall polysaccharides in spikes of ‘Svevo’ (control), cross PGIP × TAXI (polygalacturonase inhibiting protein and xylanase
inhibitor [XI] inhibiting xylanase), and parental plants PGIP and TAXI. A, Monosaccharide compositions. Fucose (Fuc), rhamnose (Rha), arabinose (Ara),
galactose (Gal), glucose (Glc), xylose (Xyl), galacturonic acid (Gal A), and glucuronic acid (Glu A) released after 2 M triflouroacetic acid hydrolysis were
determined by high performance anion exchange chromatography and pulsed amperometric detection. B,Quantification of Ara/Xyl ratio.C, Cellulose-derived
glucose. Results represent the mean ± standard deviation (n = 3). The different letters indicate data sets significantly different (P < 0.05) according to analysis
of variance followed by Tukey test.
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of the line MJ15-69, containing Acpmei transgene (Volpi et al.
2011), to obtain S010 F1 plants, which express simultaneously
both PvPGIP2 and AcPMEI. PCR conditions to verify the
presence of Pvpgip2 and Acpmei in the transgenic plants were
those previously reported (Janni et al. 2008; Volpi et al. 2011).
Plants containing both transgenes were crossed again with

transgenic line MJ30-23 expressing the Taxi-III gene (Moscetti
et al. 2013) to obtain F1 M011 plants containing Pvpgip2,
Acpmei, and Taxi-III as reported by Kalunke et al. (2013). Some
F1 M011 plants showed the copresence of only Pvpgip2 and
Taxi-III genes. These plants were used in this study. M011
plants containing all three transgenes showed only PvPGIP2
and TAXI-III inhibition activities, since Acpmei underwent si-
lencing events (Kalunke et al. 2013).
Southern hybridization was carried out on green leaf mate-

rial. Genomic DNAwas extracted from 0.1 or 5.0 g of green leaf
material following Tai and Tanksley (1990) or D’Ovidio et al.
(1992). Genomic DNA (5 to 10 µg) was restrict-digested with
BamHI or SphI enzyme and were separated on 1.2% agarose gel
and transferred to positively charged nylon membranes (Roche
Diagnostics), as described by Sambrook et al. (1989), and were
hybridized with the coding region for each transgene labeled
with digoxigenin (digoxigenin-11-uridine-50-triphosphate) (Roche
Diagnostics), following the procedure of D’Ovidio and Anderson
(1994).
Quantification of fungal biomass in infected caryopses was

performed by qPCR by analyzing the Tri6 gene as reported by
Moscetti et al. (2013). Two biological and three technical
replicates were performed.

Fungal PG, protein, and DON analyses.
Fungal growth and endo-PG preparations were performed as

previously described (Caprari et al. 1996) for F. phyllophilum.
The crude protein extracts were obtained from leaves as pre-
viously described by D’Ovidio et al. (2004). Extracellular fluid
was extracted from transgenic hypocotyls (Zadoks stage 47) by
vacuum-infiltration with acetate buffer, as previously described
(Salvi et al. 1990). The extracellular fluid had negligible glucose-
6-phosphate dehydrogenase activity, indicating that it was free
of cytoplasmic contamination. Protein concentrations were de-
termined with the Coomassie Plus-the Better Bradford assay kit
(Pierce). Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and immunoblotting were performed as previously de-
scribed (Desiderio et al. 1997). Polyclonal antibodies raised in
rabbit against PGIP purified from Phaseolus vulgaris pods were
used for immunoblotting experiments. Purified PvPGIP2 was
obtained as previously reported (D’Ovidio et al. 2004).
The expression of PvPGIP2 at protein level in the transgenic

wheat lines was detected by inhibition activity against FpPG, us-
ing an agarose diffusion assay as described by Janni et al. (2008).
The expression of AcPMEI at the protein level in transgenic wheat
lines was detected by inhibition activity against endogenous PMEs
activity (Volpi et al. 2011). Xylanase inhibition activity of total
protein extract was measured by agarose diffusion assay as re-
ported by Moscetti et al. (2013). A total of 0.005 U of Aspergillus
niger endo-b-1,4-xylanase M4(AnM4xyl) (Megazyme) was used
to check for TAXI-III inhibition activity. Metabolites were
extracted from 100mg of wheat semolina in C2H3N-H2O 86:14 on
a horizontal shaker (Finepcr) for 24 h at 180 rpm. The extracts
were centrifuged at 10,000 × g for 10 min and DON levels were
ascertained by LC-MS/MS. The level of DON was determined in
two F. graminearum infection experiments (i.e., those with faster
disease development), using three technical replicates.

Plant growth and infection assays.
Seeds were surface sterilized with sodium hypochlorite

(0.5% vol/vol) for 20 min and were then rinsed thoroughly in

sterile water. Plants were vernalized at 4�C for 2 weeks and,
then, were grown in single pots at 18 to 23�C with a 14-h light
period (300 µE m

_2 s
_1).

The upper surface of each leaf of transgenic and control
wheat plants in the first-leaf-emerged stage (Zadoks stage 11)
were inoculated with B. sorokiniana 62608 DSMZ conidia.
Procedure for B. sorokiniana fungal culture growth, conidia col-
lection, infection with transgenic plants, and disease symptoms
analysis at 72 hpi was carried out as described by Janni et al.
(2008). Disease symptoms were evaluated as the ratio between
leaf area showing symptoms and the total leaf area, expressed as
a percentage.
To evaluate FHB disease symptoms, the opposite central

spikelets in primary spikes (Zadoks stage 68) were in-
oculated with F. graminearum 3824 conidia. Procedure for
the F. graminearum fungal cultures growth, conidia collection,
infection with plants, and disease symptoms analysis was car-
ried out as described by Volpi et al. (2011).
Three separate infection experiments with B. sorokiniana

were performed on PGIP plants and five on PGIP × PMEI
plants. For F. graminearum infection, four separate infection
experiments were performed. In each separate infection, at least
12 plants for each genotype were used.
For C. purpurea infection experiments twelve plants per

genotype were used in the infection experiment. Individual
spikelets of each plant at Zadoks stage 59 were inoculated with
a conidia suspension from a single isolate of C. purpurea. The
conidia suspension of C. purpurea was prepared from con-
centrated HD of infected wheat spikes and was estimated
using a Thoma hemocytometer and was adjusted to a final con-
centration of 1 × 105 conidia/ml. Procedure for the C. purpurea
fungal cultures growth, conidia collection, infection with plants,
and disease symptom evaluation was carried out as described by
Volpi et al. (2013). A single infection experiment was performed
with transgenic and control plants, using at least 11 plants for
each genotype and by inoculating at least four spikelets per spike.
Infection data were subjected to one-way analysis of vari-

ance. When significant F values were observed, a pairwise anal-
ysis was carried out by the Tukey honestly significant difference
test (Tukey test) at a 0.95 confidence level.

Isolation and analysis of CW.
Wheat spikes were collected at anthesis stage from wild type

and transgenic lines, and AIS were isolated as previously de-
scribed (Lionetti et al. 2015). Starch was removed by treating the
AIS with the porcine Type I-A a-amylase (100 U per gram of
AIS) (Sigma-Aldrich) in a 100 mM potassium phosphate buffer,
pH 7.5, 5 mM NaCl, and 0.02% (wt/vol) NaN3 for 24 h at 37�C.
The suspension was centrifuged at 25,000 × g for 20 min, and the
pellet was then washed with distilled water and 80% acetone.
The monosaccharide composition of destarched AIS, hydrolyzed
with 2 M triflouroacetic acid, was determined by HPAEC-PAD,
using a PA20 column (Dionex). Peaks were identified and
quantified by comparison with a standard mixture of rhamnose,
arabinose, fucose, galactose, glucose, xylose, galacturonic acid,
and glucuronic acid (Sigma-Aldrich). The crystalline cellulose
was determined as previously described (Updegraff, 1969). The
cellulose-derived glucose content in destarched AIS was de-
termined by an anthrone colorimetric assay (Scott and Melvin
1953) with glucose (Sigma G8270) as a standard. The degree of
pectin methyl esterification and uronic acid content were de-
termined as previously described (Lionetti et al. 2007).
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